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CHARTS FOR ESTIMATING PERFORMANCE OF HIGH-PERFORMANCE HELICOPTERS ' 

By Alfped Gessow and Robert J. Taps(’ott 


SUMMARY 

Theoretically derived charts .showing the profile -drag - thrust 
ratio are presented for helicopter rotors operating in forward 
flight and having hinged rectangrdar blades iDith a linear twist 
of and —16^. The charts , slurwing the profile-drag 

characteristics of the rotor for various combinations of pitch 
angle, ratio of thrust coefficient to solidity, and a parameter 
representi}fg shajt power input, are presented, for tips peel 
ratios ranging from 0.05 to 0.50. Also presented in chart form 
are the ratio of thrust coefficient to solidity as a function of 
inflow ratio and blade pitch angle and the retreating-blade 
angles of attack as a function of inflow ratio and collective 
pitch and as a function of pmver and thrust coefficients. 

The charts of this report differ from the rotor performance 
papers previously published by the NaHonal Advisory (\}m- 
mitiee for Aeronautics in that the theory on which the charts 
are based includes an approximate alloumnce for stall in the 
rerersed-fiow region and contaiiis /h> small-angle assumptions 
regarding blade-section inflow angles and velocities. The charts 
of this report are therefetre considered more accurate than pre- 
vious ones for flight conditiotis involving high inflaw vehwilies 
and large regions of reversed velocity that may be encountered 
by high-performance helicopters. The assumption is made, 
however, that outside of the reversed-velocity region, the section 
angles of attack are small; thus the angles can be replaced by 
their sine. In addition, other than including an ajiju'oximate 
allowance for stall in the reversed-velocity region, the charts do 
not include stall and compressihility effects. 

The charts may be used to study the effects of design changes 
on rotor performance and to indicate optimum performance 
conditions, as well as to estimate quickly rotor performance in 
forward flight. They are also useful in obtaining inflow-ratio 
and pitch-angle values for use in calculating flapping coeffi- 
cients and Hpanwise loadings. The method of applying the 
charts to performance estimation is illustrated through sample 
calculation of a tyincal rotor-performance problem. 

INTRODUCTION 

Equations were presented in referem^e 1 from which the 
thrust, the ac(‘elerating and decelerating torque, and the 
profile-drag power of a liinged rotor operating at high tip- 
speed ratios and inflow angles could be calculated. Because 
tlie equations do not place any limitation on the magnitude 
of the inflow angle or on the rotor angle of attack, they are 
considered mon‘ accurate than previous analyses when 
appli(‘d to liigh-spiaal lu'licoplc'rs and to certain types of con- 


V(‘rtil)l(' aircraft. Tliis rejiort is an (‘xtimsion of i‘cd“er-<MU‘e 1 
in that th(‘ (apiations of that r(‘f(‘rcnc(‘ are uscmI as tin* basis of 
a metliod for (‘ahulaling the ])erfoi*inanc(‘ of lift ing rotors ovc'r 
a wide range of opt‘rating conditions. 

Because tlu' basic equations are lengtliy, the application of 
the nu'tliod is consideral)ly simplified by pr(‘S(‘uting th(‘ moi’t' 
lengtiiv ecjuations in tlu' form of chai’ls from which I'otor 
])<'i'formanc(‘ can b(^ ([uickly estimatial. The chaits cov(U’ 
operation at any rotor angh‘ of attaidv at tij)-s[)ced ratios 
vaiwing from 0.05 to 0.50 for blades that an* twistial 0^, —8^, 
and — H)° (n('gativ(‘ twists corrc'spond to bhuh' pitcli angles 
at th(‘ tip which are lowcn* than at tin* root). With th(‘ 
ex(‘e[)tion of an apj)ro\imat(‘ allowanc<* for stall in tln‘ 
reversed-velocity ri'gion, the cliarts do not includi' stall and 
compr('ssil)ility (dfe<’ts. 

Limit liiH's showing conditions for which bhuh' angle's of 
attack exc(‘(‘d sjiecified value's at givi'ii ladial stations are' 
inebuh'd in the cliaits. Tfiese limit line's are use'ful in 
determining ope'i'ating conditions at which stalling lu'gins 
and for determining tlie limiting operating e'onditions. 


SYMBOLS 


a 


b 

(\ 




slope' of (‘urve of se'ction lift coefiicie'iit against se*c- 
tion angle' of attack, per radian (assume'el e'e^ual 
here'in to 5.7i^) 
number of blaeles per roteir 


rotor lift e*oetficient, 


rotor-shaft ])ower“ ('oe'ffie'ient, 




T 

(\ rotor tiiiust e'oefficient , .jfipfpfliRY 

c blaele se'ction e'horel, ft 

Cg equivalent blade chorel (we'ighted on thrust basis), 



section profile-drag coefficient 
Cl section lift coe'fficient 

Dj, helicopter parasite drag, lb 

(DjL)o rotor profiler drag-lift ratio 


/ parasite-drag area, ft 

Ii mass moment of iiu'rtia of lilade about flapping 
hinge, slug-ft^ 


,Supi*rs(‘(los NACA 'I't'chnical Noti's by Alfml Oossow an<l Robert J, Tapscott, 195.'), and 34H2 by Robert J, Tapscott and Alfn‘d Oessow, 195.5. 
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Jj rotor lift, 11) 

P rotor-shaft powpr, ft-lb/sec 

PjL shaft-power parameter, wh(‘re P (in this ratio only) 
is ecpial to rotor-shaft pow(‘r <livi(h‘(l l>v velocity 
along flight path and is tli(‘!(‘for(‘ also (‘qua! to 
drag force that couhl be overcoine by shaft power 
at flight velocity 

R blade radius measured from center of rotation, ft 
/‘ radial distance from cent(‘r of rotation to bladi' 

elemcmt, ft 

T rotor thrust, lb 

V" true airspeed of helicopter along flight path, fps 

V induced velocity at rotor* (always positive*), fps 

W helicopt(‘r gi'oss weight, lb 

7 ratio of blade-eleiueMit ladius to I’otor-blade radius, 

r!R 

a rotor angle of attack; angle between axis of no 

feathering (that is, axis about which there is no 
cyclic-pitch change) and plane perpendicular to 
fliglit path, positive when axis is inclined rear- 
ward, deg 

Or blade-element angle of attae‘k, iin*asur(*d from line* of 

zero lift, deg (when used in thr<‘e-t(‘rm di*ag polar 
in fig. 1 (b), ar is expi’essed in i*adians) 
blade -element angle of attack at any radial position 
X and at any f)lade azimuth angh* deg; for 
example, o)t 27 o®) is blade-element angh* of attack 
at tip of retreating blade at 270° azimuth position 
«(w 7 ,=o. 4 )( 27 o<*) blade-element angle of attack at radius at 
which tangential velocity (‘(prals 0.4 tip spc('d 
and at 270° azimuth ])osition, deg 
7 flight-path angle (positive in climb, negative in 

glide), deg 

Bjr, blade-section pitcdi angle at 0.75 radius; angle be- 
tween line of zero lift of blade section and plane 
perp(‘ndicular to axis of no featliering, deg 
difTei’ence between blade root and blade-tip pitch 
angles, positive when tip angle is larger, deg 

. . Vasina— r 

X inflow 1 ‘atio, — 

, . V cos a 

y, tip-speed ratio, 

p mass density of air, slugs/cu ft 

a rotor solidity, hcehR 

4/ blade azimuth angle measui‘ed from downwind posi- 

tion in direction of rotation, dt*g 
U rotor angular velocity, radians/s(‘(‘ 

Subscripts: 
c climb 

i induced 

o profile 

]) parasite 

V vertical component 

METHOD OF ANALYSIS 

The performance method pn^sented herein utilizes the 
equations developed in reference 1 for blade-flapping coeffi- 
cients, rotor thrust, torque, and profile-drag power and also, 
with some modifications, the energy performance analysis 
described in reference 2. Inasmuch as tlu* performance 


method d(‘scribed lierein is based on the ecpiations d(‘veloped 
in reference 1, the assumptions and limitations incoiporat ed 
in the r(‘fer(‘/H(‘ (‘quations also apply to tfie |)erforniance 
calculations. (The effects of the primary assumptions and 
limitations arc* discusscal snbseqmuitly in tin* s(‘ction (mtilled 
“Range of Application of Charts.”) 

In utilizing (he (equations of ref(Ten(*(‘ 1 to coinpuh* tlie 
section lift and (hag contributions of tlu* foj ward-vcdocily 
r<*gion, wh(*j-(dii stall effects w(*r(‘ igno]‘(*d, tlu* s(‘ctio!i lift was 
calculat(*d on the* basis of constant lift-curve* slofX' (a-- 5.7;-}) 
and tin* sca-tion ihag was calculatc'd on tin* basis of a ihia'c*- 
tei'in drag polar 0. 0087 —0.21 d- 0.400o;^‘). These' s al- 
U(‘sar(M’(*]>r(‘R(*Tit!itiv(* of “semismooth” blades and ai‘(‘ t Ik* sann* 
valm*s list'd in tht' construction of the charts of j'eft'rt'tict* 2. 
For th(' r(‘V(*rs(‘d-v('locity rt'gion, tlu* valut*s of Ci and tliat. 
wer(* used art* shown in figure 1. Tin* valut's of and 
abovt' th(‘ stall art* based to sornt' (‘xh'iit on wind-t iinnt'l (hit a 
given in n'h'rt'ucf* 3 and are i)r‘('sent(‘d in figurt* 1 on tin* eon- 
ct'pt of a 3t)0° a!igl('-of-at tack range'. This (*onc(*pt is useful 
in tin* analysis bi't'anst* the* angh* of attack in the rt'vei-se'd- 
velocity rt'gion (*a’i ('xct't'd iS0°. 

By following tlu* jjrocedur't* of nTt'rt'nt'i* 1, it was assuint'd 
that the* thrust, tor((ue, and povvi'r (‘ontrilnitions of tht* 
r(*versed-v(‘locity region could be approximated by using 
constant lift and drag coefficients cori‘(‘sponding to a single 
reprt'st'iitat i v(' s(‘(*tion angle of attack. For <‘acli flight ct>n- 
dititjn, tilt' I't'prt'st'utative angle was (*om[)ut(*d at a radial 
station about one-third of tlu* distaiu'i* from tlu* centc'r of 
rotation to tlu* outboard i*dge of tlu* n‘vi'rsi'd-veloj‘it \ 
region and at an azimuth angle of 270°. Tin* forc(*s at this 
radial station wc'ce* found to n'prc'sent approx irnattdy tlu* 
av(U‘age of the forc(*s in the reversed-vi'Iocity region from 
plots of tin* radial distribution of tlu* forei's d(*t(‘r‘inim*d from 
step-by-step (*jd(*ulations for several sample ease's. T\w 
values of Ci and corresponding to the* rc'pre'st'Utative angh* 
of attac'k wc'ie obtained from figure 1. Altfmugh some 
uncertainty as to the maxiiTum value of iii tlu* 90° 
angle-of-attack region exists, it was found that tlu* use of a 
maximum valiu* of 2.0, for (‘xample, instc'ad of 1 .(> had a 
negligible I'flVc't on the chart valiu's over the range* of aiiplica- 
bility of the (‘harts. 

FLINDAMENTAL PERFORMANCE EQUATION 

The power supplied at the rotor shaft of a helicopter is 
expended in over(*oming tlu* rotor profih'-drag loss(*s, tlu* 
iruluc('d~drag losses, and the parasite-drag losses arrd in 
changing tiu* potential ener*gy of tlu* aircraft in climb. 4du* 
division of sfiaft [>ower among tlu* various sour(‘(*s c*an lu* 
written in co(*fIicient form as 


In presenting the relationship between Pp and Pp^ for various 
flight conditions in chart form, the resulting plots are gr'(*atly 
(‘larified if the power-coefficient ratios are diviih'd liy tlu* 
thrust (‘oeffic'ient. Tlius, 


( V 




Pt 




Each ratio of |)ow('r co(*fficient to thrust coefli(“i(*nt in (*qua- 
tion (2) may be consid(*ied alternately as (*i(lu*r an e([uiva- 
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lent drag- thrust ratio (wherein tlie equivalent drag is equal 
to the drag force that would absorh tlie power at a velocity 
equal to ilR) or as an efhciencv factor representing power 
per unit thrust at a given tip speed. 

Almost any problem in helicopter performance, whether it 
be to determine the shaft i)Ower required to maintain a steady- 
flight (‘ondition, the ratt' of climb at a gi ven power condition, or 
th(‘ to]) spe(‘d of a giv(Mi helicopter, (*an be solvetl by means of 
the fundamental power relation (expressed by equation (2). 
It will be note<l that the familiar PjL, (DIL)of . . . notation 
used in previous NACA Indicopter performance papers is 
replaced hei*(‘in by CpICt, CpJCti . • * • The power (‘oeffi- 
cients are based on the relatively constant 17/? instead of on 
V] thus, the notation used herein avoids having the equiva- 
lent drag approach infinity as the forward speed approac lies 
zero. For th(^ sanu‘ r(‘ason, rotor lift Z— bas(‘d on which 
is dependent on forward speed — is replaced by the rotor 
thrust T inasmuch as Or is indepeiuhnit of forwai'd speed. 
Th(‘ conversion of one form of ratio to another is simply: 



RELATIONS REQUIRED IN PERFORMANCE CALCULATIONS 

Formulas that are necessary for evaluating helicojiter 
performance by means of equation (2) are list('d as follows: 

7' cos (a + 7)= ir+ sin 7 (4) 


(Equation (4) is based on the assumption that tluM’csultant 
rotor for*(‘e acts along th<‘ axis of no ft‘athering.) 


p 

rv {9.H)T 

(5) 

( V p 

('r~{9R)T 

(6) 

<"/■, ('t 

Vv^2m[1+(X/m)T'^ 

(7) 

('r 2 ('t ttIP ci 

(8) 

Cpc . r . ^ V cos a I •> n c„\ 

,, =Slil7 — SUIT ,, - - + a/ 1— t‘OS-T( »’ ) 

Cr L Cr M \ \(t/ 

tan + 

- cos' M 

m' J cos a 
(9) 
(10) 

These equations, with the exception of equation (9), are 
similar to those derived in chapter 9 of reference 4 except 
for the factor p/cos a. Equation (9) includes a drag term 
and is derived from a corresponding c(j nation jiresente'd in 
the appendix of reference 5 by using a multiplying factor of 


m/cos a. 


PERFORMANCE CHARTS 


The calculation of the various CpICt ratios in equations 

(5) to (9) can be greatly simplified b}' means of charts that 
relate the more lengthy ratios to the fundamental variables 
X, B and ju and to each other. Such charts are presented 
in figures 2 to 7, and their use is demonstrated in succeeding 
sections of this report. 

Each (‘hart of figures 2, 3, and 4 gives 2Cr!cy(i as a function 
of X and 0.75 for fixed valiu'S of /u ranging from 0.05 to 0.50. 
In figure's 5, 6, and 7, CpJCr is shown as a function of Cp/Ct, 
2(^r/o'«, and 0.75 for fixed values of m ranging from 0.05 to 
0.50. Also, stall limit lines, the signifi(‘an(‘e of whi(‘h is 
discussed in references 2 and 6, are shown in these plots. 
Figure 8 is a graphical piTsentation of eciuatioti (9) from 


which the (‘limb paramete 

from the climb angle 
cos a Ppjj 
fX /V 


cos a 


Cr 


may be determined 


and th(‘ parasite-drag parameter 


OUTLINE OF PERFORMANCE METHOD UTILIZING CHARTS 

The ]>roblem of com.])uting lu'lic'opter ])erforman(‘e may be 
thought of as one of finding the value of one variable for 
given values of other pertiiient variabh's, tin* variables being 
r(4at(‘d by a number of basic e(piations. The problem, in 
(*ssenc(‘, thus becomes the solution of a number of simulta- 
neous equations. The ])rocedure can be greatly simplified by 
utilizing the performance charts pn'sentt'd in figuivs 2 to 7. 
The st(‘])s required in two typical tv])es of performance 
cahnilations will be outliiUMl and diuuonsti'ated by a sample 
calculation. 

CALCULATION OF RATE-OF-CLIMB CURVES 

Tf the rate of climb (or descent) is required, the calculating 
procedure would be as follows (for a given g) for the known 
parameters P, IF, <r,/, 17/?, and p: 

(1) Assume IF and calculate Cp. 

(2) Compute OpjCr from equation (5). 

(3) Find CpJCt and ^.75 from figure 5, 6, or 7. 

(4) Find X from figure 2, 3, or 4. 

(5) Calculate ol from equation (10). 

(6) Compute CpJCr and Cp ^CVfrom equations (7) and (8). 

(7) Compute CpJCr from equation (2). 

(8) Find 7 from figure 8. 

(9) Compute from the relationship V^=Fsin 7. 

(10) If both 7 and Dp are very large, a new Cr can be com- 
puted by means of equation (4) and the process repeated to 
find a new value of Fp. 

CALCULATION OF POWER-REQUIRED CURVES 

A common performance calculation is to find the power 
required by a helicopter flying at a given airspeed and at a 
given rate of climb (or climb angle). The procedure would 
be as follow'S for the known parameters IF, a, /,7,I7/?, p, and V: 

(1) Assume that a=0° and that (X//i)^<ICl ; then, calculate 
T (and Cr) from equation (4). 

(2) Calculate g from its definition. 

(3) Calculate CpJCr, CpJCr, and CpJCr from equations 
(7), (8), and (9), respectively. For convenience of applica- 
tion, equation (9) has been used to construct figure 8, from 
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which can be obtained, for example, values of CpJCr for 
given values of 7 and CpJCr* 

(4) On the apiiropriatc chart of figure 5, 6 , or 7, lay off the 
sum of CpjCr* ( pJCt, and CpjCr along the ('p!(\ axis. Then, 
with that point as a base, eonstiuct a line having a slope of 
unity. (If CpjCr and CpjCr were draw n to the same scale 
m figures 5, 6 , and 7, the construction line would be draAvn 
at a 15° angle. For the actual scales of figures 5. 6 , a.^d 7, 
the line is constructed at an angle wliicli has a tangent of 2 .) 
The intei*section of this line with the proper 2('rl<ya lim* will 
yield values for CpjCr ^ (^pICt, and ^. 75 . This procedure is 
illustrated for a constant tip-speed ratio by the following 
sketch: 





In order to avoid interpolation between tip- speed-ratio 
(‘harts, the value of V can be chosen so that ^ is an even mul- 
tiple of 0.05; otherwuse, the answer can be linearly interpo- 
lated between two successive charts. 


(5) Since 2Crl(^o, 0 . 75 , and are now^ known, X can be 
found from figure 2, 3, or 4. 

( 6 ) Compute ot from ecpiation ( 10 ) and recompute ix from 


the equation fi= 


V cos a 

~~h R ' 


(7) Recompute C^, CpJCrj Cp JC tj and CpjCr and find 
new values of CpjCr and Cp JCr* If these values differ from 
the initially computed ones by m.ore than a fow percent, re- 
peat the process. Normally one iteration is sufficient. 
However, wdien a is within the range of ± 20 ° and 0.50, the 
initial assumptions that cos a~l and (X//i)"<^l are ade- 
quate and no iterations are needed. 


SAMPLE PERFORMANCE CALCULATION 


( 1 ) Assume lb 


— sill ^ 


180 


1 . 0 ° 


at n = 0° and (X/V)-<^ 1 . Also, 
fpV- 

aud 2 ])Ouiids. 


7 - sm 1 y 
Tlum, from 


('(juation (4), 7’ ^ 4,300 pounds, and Cb - ().004(). 
(2) Tin'll , M - lS0/()00--0.30. 

(3a.) From ('(puition (7), rV,/TV = 0.0067. 

(:ib) Fi’o:u ('({nation ( 8 ), (\>^/(\ = 0.0'^22. 


(*OS OL ( 

(3c) Tin'll, ^,"-0.107. 

M Ur 


From figim' 8 . 


cos_a ^ ^ (''' - 0 . 0084 . 

p tr ( T 

(\ ( ' . ( \ 

(4a) - .7+7T-=0.00()7 + 0.0322 + 0.0084 .-0.0473. 

(4l>) For /u - <>.30 and 2(VA^(' 0.018, figure (1(e) gives; 



0.0315 


(’r 


=0.0788 


0.75-1)° 

(5) For 0 . 7 . 5 - !)° and 2 Cj-/cr« — 0.018, figui'e 3(e) gives 
X=- 0.080. 

( 6 ) Tlie rotor angle of attack a can now be computed froin 
e(|uatioii ( 10 ) as follows: 

-0.080, 0.004 

0.30 ‘*'0.18(1+0.0712)'/'' 

a=-13.8° 

(7a) Rc(‘omputing the power cocffi(‘i(uits with tin' above 
valiU's for a and X ivsults in (*hang('s that are within the 
ac('urac\^ of the computations; tln'refore, the originally 
com])ut(‘d vahu's ar‘c sufficient. 

(7h) The ])Ower requinnl is tlnui cahmlated as 


l»ower=p^ 

-'=(0.079) (0.004)7t( 20)2 (0.00238) (600)^ 
= -204,000 ft-lh/se(- 
-371 hp 

(7c) Tin' rotor ])rofilc-drag pow ci* is 

Profile pownn*— X 204000 
-80,000 ft-lb/sec 


The performance calculations outlined in the preceding 
section will be illustrated by a sample problem: Calculate 
the po\ver required by a helicopter traveling at 180 feet per 
second and climbing at a rate of 300 feet per minute. The 
following additional data are known: ir=4,287 pounds, 
(T--0.08, QR—600 feet per second, p— 0.00238 slug per cubic 
foot, 7?=20 feet, = and 12 square feet. 


— 146 hp 

RANGE OF APPLICATION OF CHARTS 

In tin' ])rcpara(ion of the charts, it w^as necessary to jnako 
sonu^ assumptions r('garding the rotor physical parameters 
to l)(' iis('(l with tin' theory. Some of the more pertinent 
effects of lln*s(‘ assumptions as wn41 as the effects of the iv- 
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strictive assumptions of the theory are (liscussecl in the 
succeeding S('ctions. 

BLADE CHARACTERISTICS 

Tlie sample rotors for which the charts presented herein 
were pi‘ei)ared were assumed to liave hinged rtH'tangular 
blades with a mass factor pcall^ili equal to 15 and linear 
twists of 0°, — and — lO''. However, according to the 
<‘rror analysis made in inderimce 6, it would ap])ear that the 
charts would he ap})licahl(‘ to rotoi'S having values of mass 
factors ranging from 0 to 25. Thus, although hlade-flap])ing 
motion is sensitive to mass factor, av('rag(‘ roloi’ forc(‘s are 
i‘('lati v(‘ly ins(Misit iv(' to moderati' chang('S in tlu^ fla])])ing 
motion. 

Although the chaiTs w(M’c calculatcal for rotors having 
uniform-clior’d hlad(‘s, ])r(‘vious ex])eri(mce lias shown that, 
in general, tin* forward-flight ])erformance of i‘otors with 
blades having as much as 5:1 tapei* latio <‘an b(‘ ])r('di(‘ted 
with good a(*(“uracv by equations (hulvcMl for uniforan-(*hord 
blades, provided that the rotor solidity is based on the 
equivalent weighted chord 

To determine the effc(*ts of blade twist on the tlu'Oi'(di(‘al 
values of CpJCt, a comparison of the values obtained from 
the charts for the different twists was made at several uir 
stalled flight conditions. From tin* comparison, it appeared 
that foi* forw ard s])ceds ranging from the s]ieed for minimum 
])Ower to th(‘ maximum s]>eeds of ])resent-day helicopters 
(that is, for values of ti])-speed ratio between a]iproximat(‘ly 
0.05 and 0.50) the effects of twist on the profile power are 
small, particularly when considered as a percentage of the 
total power required. The importance of twist, howc^ver, 
is not primarily its (‘ffect on profile power but in the delay 
of stall. The effect of twist on stall limits is discussed in a 
later section of this report. 

AIRFOIL SECTION CHARACTERISTICS 

The three-term drag polar used in the preparation of the 
charts (see section entitled ^Alethod of Analysis’’) is con- 
sidered as representative of practical construction blades of 
conventional airfoil section having fairly accurate leading- 
edge profiles and rigid surfaces. The charts may be ap- 
plied, liowT'ver, to rough or poorly built blades of conven- 
tional section by multii)lying the profile-drag— thrust ratio 
obtained from the charts by a constant “rouglmess” factor 
equal to the ratio of the average of the ordinates of the drag 
curvT^ of the actual blade to the average of the ordinates of 
the drag curve used in the charts. If the drag curves do 
not have similar shaj)es, the determination of this factor 
should take into account the relative importance of different 
angles of attack; a basis for doing this by a method of 
‘Sveighting” curves is discussed in reference 7. The angle 
of attack at wdiich stall occurs wdll also be affected by the 
roughness of the blade surface, and consideration should be 
given to the surface condition wdien estimating the limits of 
validity of the theory. 

STALL UMITS 

Satisfactory limits to the use of a theory in wddcli stall is 
not considered are, for powdered flight, the conditions at 
wdiich the tip of the retreating blade reaches its stalling angle 


of attack, as sliown in references 2 and fi. For tlu‘ auto- 
rotative case, limits to the theory arc' sliow n to consist of 
tlie conditions at w5iich tlu' vc'locity of (he blade elcMucMUs of 
the stalled iid)oard sectioiis reach liigh enough value's so that 
tlie contributions of these (‘lements to tlu* total thrust and 
torque of the' rotor become' significant, ddu'rc'fori', follow- 
ing the ])roc(‘dui’(‘ of previous NAC^A rotor j)apc'rs (such as 
r(‘f. 2), thc're arc' itu'luch'd on (he charts of tliis rc'|)ort two 
sets of limit line's. One* set (‘orrc'sjionds \o c'onditions at 
w'hich a blade' e'leine'nt at an a/.imnth angle' of 270° with a 
re'lative ve'locity equal to 0.4 of the' ti{) spe'C'd re'aclu's angle's 
of attack of 12° and lt)°, where*as the otlu'r se*t corre'sponds 
to conditions at w'hich the blade tij) at an a/.iniuti\ angle' of 
270° re'aches angles of attae'k of 12° and 10°. dOu'se' 
limit line's are' dc'signate'd by the symbols .o. 4 )(_> 7 n°) and 
«(i.o)( 27 o^), re's])ectively. Tlie' 12° and 10° line's I'e'present 
a ratige of angle's of attack in whie'h con vc'Ut iemal blade 
airfoils would be' ('xpe'(“te'd to stall. Also, sinc'c' \ ibralion 
and conti’ol limitations brought on b\ blade' stall oc'e'ur, in 
genei‘al, whe'n the (*alculate'd stall angle' is e'xe'c'e'de'd by about 
4°, the ditlVreiK'e be'twe'e'ii the' 12° and lt>° line's shoidd also 
be useful in estimating tiu' limits to prae'tie'al ope'raling e“on- 
ditions of a rotor. Moeh'iate' amounts of stall e*an be' a[)- 
proximate'ly accounte'd for by t'lnjiiiical ('orre'C't ions to tbe' 
pi'ofile' powc'i' when the limit line's on the' e'liarts are' e'xce'e'de'd. 
The l>asis on which the'se' corre'ctions may be' made' is dis- 
cussed in I’e'fe'i'c'nce' S anel the' j)roee'dui‘e is summarize'd in 
re'fercnce 4 (pp. 2(>0 207). The' limit lines on the' profile 
power charts, how'ever, should be consieh're'd only as an 
indication of tlie limits of applicability of the charts. For 
('stimating the limititeg ojM'rating conditions the straight- 
line plots for thriist-coe'ffie'ie'ut solidity ratio or the' j)lots of 
figure 9 (a) should be used. 

Theory indicates, and flight measuiements have' shown, 
that blade twist is effective in de'laying stall. Twisting tbe 
blade so as to lower the i)itch at (he tip with respe'ct to the 
pitch at the root tends to distribute the lift more e'venly 
along the blades and therefore minimizes (he high angle's 
of attack in the lip icgion. Blade angles of attack of 12° 
and 1(3° at the specified stations are plotte'd in figure 9(a) as 
functions of X and ^.75 for 0°, —8°, and —10° twist. For 
use in cases wdierein it may be more convenient to determine 
tlie blade angles of attack in terms of power and thrust 
coefficients, combinations of Cp/Cr and 2C'r/Va for which 
blade angles of attack at the specified station reach 12° 
and 16° for 0°, —8°, and —16° twist are plotted in figure 
9(b). As would be expected, these plots show^ that liigher 
values of Ct/o' can be attained wdth negative twist Ix'fore 
retreating blade stall is encountered. Ckuiversely, the 
greater the negative twdst, the higlier the tip-speed ratio 
that can be reached at a given (7r/cr before the onset of stall. 

It should be noted that negative values of twdst tt'nd to 
decrease the angle of attack at the tip of the advancing 
blade. The advancing-blade-tip angle of attack is showui in 
figure 10 as a function of 2(7r/o'ft and fj. at several power 
conditions (as represented by the pitch values) for twdsts 
of —8° and —16°. Altliough the large negative angles of 
attack at the advancing-blade tip wdll adversely aft'ect the 
performance, this effect is believed to be of less importance 
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than the benefits achieved bv the delay in retreating blade 
stall. There is the possibility, however, that liigh negative 
advancing-blade-tip angles of attack would result in a con- 
tribution to blade stresses which should be considered for in- 
dividual designs. These tip angles, however, were calculated 
on the basis of uniform inflow velocity, and the local upwash 
wliich tends to occur at the advancing tip should result in 
less negative values. 

COMPRESSIBIUTY LIMITS 

The section lift and drag coefficients used in the prepara- 
tion of the charts of this report do not var\ with Macii 
number! It is expected that the j)rimary effect of sucli 
variation would Ih' an increase in the })iofile-(lrag power if 
the drag-diverg(‘nc(‘ Mach number were approached or 
exceeded. Ther(dor(% the (‘harts undnestimate the power 
required for a rotor operating within tlu^ range where com- 
pressibility effects are encounti‘n‘d. It is hopcMl tliat power 
losses due to com])ressibility may in' takiMi into account 
by adding cori('ctions to the cliarts in a mami('i* similar to 
that done for tin* (‘ff(H*ts of stall. The corrections probably 
could be based on iTSults of strip analyses or on (Experimental 
data. The operational limits impos<Ml f)v Macfi number, 
how(Ever\ nr(' V(‘l to t)e d(‘l(*rmin(‘d. 

CONCLUDING REMARKS 

Charts based on rotor theory have Ihmmi |)i‘(S(Mit(Hl from 
wliich the profile-drag-thrust ratio of a rotor can be deter- 
mined for various combinations of pitch angle, ratio of tiirust 
coefficient to solidity, tip-spei'd ratio, and power input. 
The equations on \vlii(‘h tin* charts ai*<‘ bas(‘d lia\ takcui into 
account blade stall in tlu‘ rev(‘rsed-v(‘lo(‘it !(*gion and are not 
limited by small-angle assumptions for hlad(‘ pitch and 
inflow angles. For tlu'se leasons th(‘ nu'thod is l)eli(‘ved to 
be more accurate than previous methods for cas(ES wherein 
the rotoi' inflow v<‘locity is nElativc'ly lar“g(', for rotors oper- 
ating at st(‘(‘{) ratios of climl) or desc(Ent, for flight at high 
tip-speed ratios, or for convertiplane transition attitudes. 


In addition to providing a convcuiient m(»ans for quickly 
estimating rotor performance, th(‘ charts should be us(Eful 
as a nuEaiis for estimating the eflects of chang(Es in (h'sign 
variables and as a base to which corrections may be applied 
for the effects of stall and compressibility, (^harts which 
indicate the stall condition of the rotor and whiclj serve to 
indicat(‘ the limits to practical rotor op(‘rating conditions 
are also presented. 

The m(‘thod of using the charts for performance (‘siiination 
is outlined and illustrated through computation of a sample 
probhun. 

I j A \ c; L K Y A VAIO \ A I T UAL I ^ A H O R A TO It Y , 

National Advisory (Mmmittek for Akro.va c ries, 
Lanolky Kikld, Va., Novetuber 2 S , 1055 . 
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Inflow rotio, X 


(c) /i = 0.15. 

(d) m = 0.20. 


Figure 2. — Continued 
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(v) 

(f) M--0.40. 

(g) /i = 0.50. 

Fkjure 2. — Concluded. 
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Inflow ratio, X 

(a) m==0.()5. 

(b) M=0.10. 

Fi(iUKE 3. — Thrust-coefficient — solidity ratio as a function of inflow ratio for blades having —8° twist. 
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(a) /u = 0.05. 

(b) -0.10. 

Fkjure 5.— Profile-drag — tlirust ratio for blad(‘s liaviiig 0° twist. 
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(c) m = 0.15. 

(d) m=0.20. 


Figure 5. — Continued. 
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(g) m-0.50. 
Fkjure 5. — Conclud(‘d. 
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(a) m = 0.05. 

(b) M = 0.10. 

FiCiURE 6.^ — Profih -drag— thrust ratio for blades having — iwdst. 
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(v) /x-0.15. 

((\) fx 0 . 20 . 

FKiruFi (). Continued. 
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(a) m = 0.05. 

Figure 7. — Profile-drag — thrust ratio for blades having —16*^ twist 
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(b) M = 0,I0. 

Fi«ure 7. — Continued. 












Coiiecttve pitch, Collective pitch, 

for “(10)(270*) “(W;- ^0.4)(270*) = 16** ^.75 »(|.0)(27O^ “(W;- ■0.4)(27CT) 


IIEPQKT 1266 NATIONAL ADVISOKV COMMITTEE FOR AERONAUTICS 



Inflow rotio, X inflow ratio, X Inflow ratio, X 

(a) Rot roat ing-blacl(* aiiglo of attack as function of inflow ratio and collective j)ilch. 

Fk:i;hk 6.- Plots for estimating r('tr(*ating-blade stall conditions. 






